The Nuclear factor erythroid2-related factor2 (Nrf2), a master regulator of redox homoeostasis, is a key transcription factor regulating a wide array of genes for antioxidant and detoxification enzymes. It protects organs from various kinds of toxic insults. On the other hand, activation of Nrf2 is also correlated with cancer progression and chemoresistance. Downregulation of Nrf2 activity has attracted an increasing amount of attention as it may provide an alternative cancer therapy. In this review, we examine recent studies on roles of Nrf2 in several pathophysiological conditions emphasising cancer. We discuss elaborately the current knowledge on Nrf2 regulation including KEAP1-dependent and KEAP1-independent cascades. KEAP1/Nrf2 system is a master regulator of cellular response against a variety of environmental stresses. We also highlight several tightly controlled regulations of Nrf2 by numerous proteins, small molecules, toxic metals, etc. In addition, we evaluate the possible therapeutic approaches of increasing chemosensitivity via modulating Nrf2 signaling.
Introduction
Exposure to xenobiotics first occurred since the introduction of heterotrophic nutrition in the ecological system comprising the fungi to modern human being, who were unable to synthesize organic compounds on their own [1, 2] . Xenobiotics consist of several organic compounds obtained from different plant and microbial sources, which were consumed by the heterotrophs as a source of energy to carryout different physiological functions [3] . Moreover, in the contemporary world, xenobiotics exposure can also occur due to the severe environmental pollution [4, 5] . Commonly, modern day human life style is encircled in an environment consisting of smoke, air pollution, ultraviolet radiations, γ radiation, several pharmaceutical drugs, etc [6] and all these cause the generation of reactive species inside the cellular compartments [7, 8] . These kinds of exogenous insults of toxic substances increase the intracellular level of reactive oxygen and nitrogen species (ROS and RNS) that irreversibly impair several cellular functions by damaging the cellular macromolecules such as nucleic acids, carbohydrates, lipids and proteins [9] [10] [11] . In this context, in order to make progress in human pathophysiological research, it is significant to apprehend several physiological responses to exposure to xenobiotics [12] . Under normal physiological conditions, low exposure to these xenobiotics or toxic substances, certain physiological processes get activated endogenously, and the cell can counteract the negative consequences of those toxic substances [13, 14] . However, excessive exposure to pollutants may lead to several diseases including diabetes, asthma, chronic obstructive pulmonary disorder (COPD), neurodegenerative disorders, cancer, etc [15] [16] [17] [18] [19] . Every type of mammalian cells held a diverse and synchronized defense mechanism to decontaminate the intracellular environment and retain normal physiological conditions [20, 21] . Cellular defense mechanism can be broadly classified in two layers. The first cellular defense layer consists of several anti-antioxidant molecules, which are not proteins by nature. Several such antioxidants like vitamin C, vitamin E, glutathione, bilirubin, β-carotene, etc. get oxidized by donating an electron to the reactive radical and generate a non-reactive species [12, 22, 23] . The second layer consists of assorted anti-oxidant proteins or a platter of enzymes such as superoxide dismutase, catalase, peroxidases, peroxiredoxins, etc [24] [25] [26] . These enzymes sequentially transform highly reactive superoxide radicals into water and oxygen [27] . Other than these enzymes there are certain xenobiotic transporters present to regulate the intracellular concentration of any toxic substance and thereby limiting their extent of toxicity by carrying them across the cell membrane [28] [29] [30] [31] . These two layers of cellular defense modulate the increasing oxidative load upon the cell by overexpression of these individual subcomponents [17, 21, 32, 33] . The level of these subcomponents inside the cell is regulated by the expression of several transcription factors which get activated under stressed conditions [34] [35] [36] . Researches round the globe suggest that in mammalian cells Nrf2 plays an important role to maintain normal cellular physiological conditions under exogenous oxidative insult by regulating the minimal and induced expression of several antioxidants molecules, enzymes and xenobiotic transporters [37, 38] . Nrf2 was first identified in different anticancer studies as an inducer of different antioxidant enzymes and found getting activated upon some drug candidates [39] . Comparable to the lower eukaryotic systems like yeast, the activation of Nrf2 is induced by the presence of electrophilic molecules and ROS [40] . Activation of Nrf2 leads to the expression of several other anti-oxidative genes [41] , like superoxide dismutase-2 (SOD-2), hemoxygenase-1 (HO-1), etc. and attenuate the oxidative stress mediated cellular damage [42] [43] [44] . For a long period of time researches have considered Nrf2 as an anti-cancer molecule but recent interdisciplinary biological research reports revealed the role of this b-zip family transcription factor in cellular proliferation [45, 46] . Many studies involving the sequencing of the cancer genome unveiled the consequence of Nrf2 activation in the development and progression of cancer [47, 48] . Nrf2 activators are being used for the treatment of oxidative stress associated diseases and in the clinical trials for the prevention of cancer [49] [50] [51] . On the other hand constitutive activation of Nrf2 in many types of tumors has been reported to contribute to the survival/growth of cancer cells and resistance to anticancer therapy as well [52] . In this review, we provide a mechanistic overview of the Nrf2 signaling pathway and its role in progression and development of cancer. Additionally, we have also discussed the possible therapeutic application of regulation of the Nrf2 signaling pathway by nuclear receptors in cancer [53] .
Nrf2 structure
Human Nrf2, a protein of 66.1 kDa molecular mass, consists of 589 amino acids. In 1994, Nrf2 was cloned within a 2.2 kB transcript as a protein that can activate transcription by binding to the Nuclear Factor Erythroid 2/Activator protein 1(NF-E2/AP-1) motif of the hypersensitive site-2 in the b-globin locus control region [39] .
Nrf2 belongs to the Cap'n'collar (CNC) transcription factor family having a unique CNC domain which is linked to the N-terminal side of a highly conserved leucine zipper (bZIP) motif. These proteins function as transcription factors by pairing with other bZip proteins, including small MAF (sMAF) proteins which help in dimerization, DNA binding and nuclear import and export.
This family of proteins include p45 NF-E2, Nrf1, Nrf3, Broad complex, tramtrack and bric-a-brac (BTB) and CNC homology (Bach)1 and Bach2 in vertebrates [54] . Nrf1, Nrf2 and Nrf3 are ubiquitously expressed. In mammals, p45 NE-F2 is mainly expressed in hematopoietic progenitors essential for platelet formation and megakaryocyte maturation [55] . The NF-E2 p45 and Nrf2 transcription factors are soluble proteins, whereas upon translation Nrf1 and Nrf3 are initially anchored in the endoplasmic reticulum (ER) as glycosylated proteins. It influences uptake of cystine via the sodium-independent cystine-glutamate antiporter (Slc7a11) [56] . Nrf3 is expressed in a number of tissues, including placenta, B cells, and monocytes. Both Nrf1 and Nrf2 play important roles in the transcriptional up-regulation of cytoprotective genes [57] .
By structural and functional analysis of Nrf2 protein, seven highly conserved regions were identified known as (Nrf2-ECH homology) Neh1 to Neh7 [39] . Neh1, Neh3 and Neh6 are located in the C-terminal half of Nrf2 (Fig. 1 ). Neh1 contains a bZIP DNA-binding motif. Neh2 domain, which is located in the most N-terminal region, interacts with a cytoplasmic protein, Kelch-like ECH-associated protein 1(KEAP1) and acts as a negative regulatory domain. The Neh3 domain, located in the most C-terminal region is required for the activation of transcription, along with the Neh4 and Neh5 domains which enhance Nrf2-mediated reporter gene transcription in an ATP-dependent manner. Another transcriptional activator, BOI-related E3 ubiquitin-protein ligase 2 (BRG2) enhanced the activity. From a yeast two-hybrid screen experiment, it has been proven that Neh3 domain is importantfor interactions with a chromo-ATPase/helicase DNA-binding (CHD6) protein. In the Nterminal region, Neh4 and Neh5 domains (transactivation domains)are present that bind to the kinase-inducible domain interacting (KIX) and cysteine/histidine-rich domain 3 (CH3) domains of CBP (CREB (cAMP Responsive Element Binding protein)-binding protein). Neh6 contains a serine-rich conserved region which is involved in degradation of Nrf2.
There are two distinct binding sites (i.e., DLG and ETGE motifs) within the Neh2 domain of Nrf2. According to Fukutomi et al., the DLG motif is much more extended (DLGex motif (Met17-Gln51)) than those assumed by the classical DLG motif and DIDLID element [58] . The DLGex possesses triple helices: Helix-1 (Leu19-Arg25), Helix-2(Ile28-Leu30), and Helix-3(Arg34-Phe37). The DLGex structure shows huge differences from the β-hairpin structure of ETGE.
Regulations of Nrf2
Expression and activities of Nrf2 are tightly controlled (Fig. 2) . Several canonical and non canonical pathways are involved in regulating Nrf2 signaling pathways.
KEAP1, the major regulator of Nrf2
From yeast two-hybrid screening it was identified that KEAP1 is the first major repressor of Nrf2. KEAP1, an adaptor subunit of Cullin3-based E3 ubiquitin ligase, acts as a sensor for oxidative and electrophilic stresses and regulates Nrf2. Site-directed mutagenesis study revealed the functional significance of cysteine residues of KEAP1 [59] . After mutation of Cys23, Cys273, and Cys288 residues, KEAP1 is unable to negatively regulate Nrf2, but Cys151 mutation represses Nrf2 constitutively [60] .
There are two prevailing models for understanding the cytoprotective mechanism of Nrf2 regulation by KEAP1: (a) the hinge and latch model and (b) the Cul3-KEAP1 dissociation model. In the first model, Nrf2 binds to a KEAP1 dimer first through a high affinity ETGE motif; which is called "open" conformation. At this stage, Nrf2 is not ubiquitinated. In the presence of inducers, the low affinity DLG motif dissociates from KEAP1. Then, the DLG motif of Nrf2 binds to the other part of the KEAP1 dimer which results in the "closed" conformation [61, 62] . Nrf2 is ubiquitinated by the Cul3-Rbx1-E3 ligase complex and degraded by the proteasome. The free KEAP1 dimer is now prepared to bind to Nrf2 for next cycle. When cells undergo oxidative stress, the oxidation or adduct formation of the cysteine residues of KEAP1 by ROS or electrophiles takes place which leads to the conformational changes of KEAP1. Although KEAP1 still binds to the DLG and ETGE motifs of Nrf2 by its kelch domain, it fails to align with the E2 ubiquitin-conjugating enzyme and thus prevents the ubiquitination. Thus, the cycle stops in the "closed" conformation of the KEAP1-Nrf2 complex and accumulation of newly translated Nrf2 occurs. Both motifs individually bind to a pocket within the DC (double glycine repeat and C-terminal) domain of KEAP1. Binding of the high-affinity ETGE motif and low-affinity DLG motif provides a hinge and latch. This phenomenon leads to optimal positioning of the lysine residues between the two motifs facilitating ubiquitin conjugation. The open and closed states of the KEAP1-Nrf2 complex were studied by fluorescence resonance energy transfer experiments [61] . In this model, the latch site becomes too tight, and thus Nrf2 is stabilized.
The mode of binding of DLGex and ETGE to KEAP1 are quite distinct from each other. The KEAP1-DLGex binding is both enthalpy and entropy driven while the ETGE-KEAP1 binding is purely enthalpy driven and contains a two-state reaction leading to a stable conformation. These observations explore DLGex motif as a converter transmitting environmental stress to Nrf2 induction as the latch site.
In the second model, the interaction between KEAP1 and Cul3 gets disrupted by inducers such as tert-butylhydroquinone (tBHQ) or eicosapentaenoic acid (EPA) and ubiquitination of Nrf2 is diminished [63] . Cysteine 151, localized far away from latch site was found to play an important role in this model in the BTB domain in KEAP1. DLG motif of Nrf2 binds to α12 KEAP1 dimer [61, 63] .
After recovery of homeostatic balance, KEAP1 translocates into the nucleus and escorts Nrf2 out of the nucleus through a Karyopherin alpha6 (importin alpha7) (KPNA6), an adapter protein resulting in ubiquitination and degradation of Nrf2 in the cytoplasm.
The release of Nrf2 from KEAP1 requires phosphorylation of Ser40 in the Neh2 domain of Nrf2 by protein kinase C (PKC) [64] . Four reactive cysteine residues in a domain of KEAP1 are called the intervening regions (IVR), which serve as sensors for reactive oxygen/nitrogen species and electrophiles [40] . Chemical modification of these cysteine residues triggers a conformational change in KEAP1 which in turn allows the release of Nrf2.
There are five domains in KEAP1 an N-terminal domain (NTD, 1-60); a Broad complex, Tramtrack, and Bric-á-Brac (BTB, domain; an intervening region (IVR, 179-321); a double glycine repeat (DGR, 322-608) and a Kelch domain; and the C-terminal region (CTR, 609-625) [63] . The DGR and CTR are also known as the DC domain, which mediates that association between KEAP1 and Nrf2. BTB domain facilitates homodimerization and then promotes interaction between the Neh2 domain of Nrf2 with its DC domain. The region flanked by the DLG and ETGE motifs of Nrf2 forms a-helix conformation containing seven lysine residues which are ubiquitination targets [65] . After this homodimerization, Nrf2 gets the proper conformation for ubiquitination. Single-particle electron microscopy demonstrated that KEAP1 has a forked-stem dimer structure, with two large spheres which enclose the intervening DC repeat and C-terminal domains [66] .
Somatic KEAP1 and Nrf2 mutations in cancers antagonize one another as somatic mutations in tumor suppressor genes like TP53and oncogenes like MDM2. Oncogene activation transcriptionally upregulates Nrf2 which indicates Nrf2 as a member of oncogenic signaling [67] . Cancer genome sequencing revealed the non-overlapping nature of somatic KEAP1 and Nrf2 mutations. KEAP1 mutations tend to not have Nrf2 mutations [68] . Nrf2 activation confers a growth advantage in cancer cells and is therefore enriched in tumors.
Transcriptional regulation
KEAP1-independent mechanisms involve regulation at the transcriptional level by the binding of Aryl hydrocarbon receptor-arylhydrocarbon receptor nuclear translocator (AHr-ARNT) to xenobiotic response element (XRE) sequences and nuclear factor kappa-light-chainenhancer of activated B cells (NF-kB), which then binds to the antioxidant-response-element (ARE) in the Nrf2 promotor region. NFE2L2 gets transcriptionally activated by polycyclic aromatic hydrocarbons (PAHs) [69, 70] . A feedback loop exists between the two xenobioticsensing transcription factors which are involved in the regulation of AhR [71] . Upstream of the transcription start site (TSS), the NFE2L2 promoter contains two ARE-like sequences that allow the transcription factor to increase modestly its own expression [72] . Downstream from 
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Toxicology Reports 4 (2017) [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] the TSS, it contains a 12-O-tetradecanoylphorbol-13-acetate-response element that allows it to be transcriptionally activated by oncogenic VKi-ras2 Kirsten rat sarcoma viral oncogene homolog (KrasG12D) via cJun N-terminal kinases (c-Jun) and c-Fos [52, 73] and also a nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) binding site, which is involved in inflammatory stimuli [74] . A dynamic crosstalk exists between Nrf2 and peroxisome proliferator-activated receptor α (PPARα).
There are reports that transcription factors, including JDP2, Jun, CBP, BRG1, and p21 can promote Nrf2 activation. On the other hand, cFos, p53, p65, Fra1, Bach1, C/EB, ATF1, ATF3, estrogen receptors (ER), short-form estrogen-related receptor (SFERR), peroxisome proliferator-activated receptor α (PPAR-α), and RAR have been reported to negatively regulate Nrf2 transcription [75] .
Epigenetic regulation
Expression of Nrf2 is controlled by epigenetic modification involving chromatin structural alterations like DNA methylation, histone modifications, and microRNAs. Transcription of Nrf2 is suppressed in prostate tumors of transgenic adenocarcinoma of the mouse prostate (TRAMP) mice due to the hypermethylation of select CpGs in the promoter of Nrf2 [76] . Repressive proteins, such as methyl-CpG-binding protein 2 (MBD2) and trimethyl-histone H3 (Lys9), are enriched in this region.
Hypermethylation of CpG sites in the KEAP1 promoter region leads to downregulation of KEAP1 expression in human lung cancer cell lines and tissues [77] . Muscarella et al. have shown that hypermethylation of KEAP1 is more frequent than KEAP1 gene mutations in this cancer [78] . Inactivation of the promoter region of the KEAP1 gene has been identified in lung, prostate [79] , malignant glioma [78] , colorectal [80] and breast cancer [81] suggesting epigenetic changes in KEAP1 which lead to constitutive activation of the Nrf2 pathway. This, in turn, promotes the survival of tumors and drug resistance in cancer cells.
Overexpression of miR-144, miR-153, miR-27a and miR-142-5, either individually or as a group, can suppress Nrf2 mRNA and protein levels [82] . MiR-144 and miR-28 mediate the degradation of Nrf2 mRNA by targeting the 3'-untranslated region (3'-UTR) [83, 84] . miR34a negatively regulates Nrf2. Not only that, miR-200a mediates the degradation of KEAP1 mRNA in breast cancer cells which in turn results in activation of the Nrf2 pathway. Decrease in H3K27Me3 in the Nrf2 promoter elevated expression of Nrf2, NAD(P)H dehydrogenase quinone 1 (NQO1) and HO-1 in lung cancer tissues and cell lines [85] . Keap1-Nrf2 crosstalk with epigenetic modifications can be considered as a therapeutic approach in near future [86] .
Autophagy
As discussed earlier that the Nrf2-KEAP1-ARE is a redox sensitive signaling cascadewhich gets activated in cellular pathophysiological conditions via the upregulation of different pro-survival and anti-oxidant genes. At the same time, to make sure a quick activation under stressed condition and its reversal, when the normal state is attained, the mammalian cellular system has evolved a well-regulated energy dependent signaling machinery as the constitutive expression of Nrf2 will increase the risk of carcinogenesis and extend multiple drug resistance to cancer cells [48, 52, 73, 87] . Autophagy adaptor protein, p62 plays an important role in the induced activity of Nrf2 modulating KEAP1, and it is quite obvious that dysfunctioning of the autophagic regulations will lead to a persistent activity of Nrf2 mediating p62 [88, 89] . Under normal autophagic dysfunction, p62 ceases the activity of KEAP1 and Nrf2 gets stabilized [90] . It results in prolonged expression of different ARE-reguated genes. Unlike Nrf2 authophagic pathways also play incongruous role in the regulation and development of cancer [91] . Autophagy is a critical physiological phenomenon which allows a cell to get rid of damaged organelles, old and misfolded proteins [92] . This self-clearing activity helps in maintaining the normal cellular homeostasis and to fight against endogenous or exogenous oxidative stress insult. Its downregulation will lead to constitutive activation of Nrf2 and other similar, or associated proteins and upregulation will facilitate the malignant cells to deal with the stressed intracellular environment, which is necessary for their survival [93, 94] . The understanding of the underlying signaling mechanism and interaction between the Nrf2-KEAP1-ARE axis and autophagy is a comprehensive display of the ongoing need for detailed depictions of normal physiological and diseased phenomena to aid the discovery of new therapeutic approach.
Electrophiles
Electrophiles trigger reactive cysteines in KEAP1. These residues have been shown to recognize cyclopentanone prostaglandins such as 15-deoxy-D12,14-prostaglandin J2 (by Cys-273) and alkenals such as acrolein and 4-hydroxynonenol (by Cys-288) [95, 96] .
Within the BTB domain of KEAP1, Cys-151 is critical for the detection of electrophiles such as tBHQ, stratifin (SFN), and nitric oxide (NO) through the formation of a thiolate anion. Furthermore, replacement of Lys-131, Arg-135, and Lys-150 surrounding Cys-151 reduce the ability of electrophiles to induce ARE-driven gene expression. Within the DGR of KEAP1, Cys-434 acts as an electrophile sensor in KEAP1; it is triggered by 8-nitroguanosine-3′,5′-cyclic monophosphate (8-nitrocGMP), which is generated by NO production leading to S-guanylation of KEAP1 and induction of Nrf2-target genes [97] .
Reactive metals
Zn 2+ , Cd 2+ , Se 4+ and As 3+ all interact non-covalently with KEAP1.
Cys-226 and Cys-613 have been proven to be Zn 2+ sensor because zinc is the most likely endogenous trigger. They also sense ROS, upon exposure to H 2 O 2 they can form a transient intramolecular disulfide bridge that is associated with brief stabilization of Nrf2 protein [97] . The loss in expression of selenoproteins elicits an increase in expression of cytoprotective proteins like thioredoxinreductase 1 (TXNRD1) [98] .
Other signaling pathways regulating Nrf2
Nrf2 is phosphorylated by several signal transduction pathways which can alter the interactions between Nrf2 and KEAP1 [extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), mitogen-activated protein kinases (MAPK), p38], Nrf2 localization [protein kinases C(PKC), casein kinase 2 (CK2), Glycogen synthase kinase 3 (GSK3), Fyn], Nrf2 protein degradation [GSK3β, beta-transducin repeat containing protein (βTrCP)] and Nrf2-DNA binding [CREB-binding protein (CBP), musculoaponeurotic fibrosarcoma oncogene homolog (Maf)].
Phosphorylation of Nrf2 could lead to an increase in its stability and subsequent transactivation activity. It has been reported that the phosphorylation of PKC, MAPK, GSK3 and Phosphatidylinositol-3-kinase (PI3K) are strongly associated with the Nrf2 activity in a KEAP1-independent manner. Phosphorylation at Ser40, Ser568 and degron domain of Nrf2 by protein kinases triggers Nrf2 [99] .
MAPK
Various cancer chemopreventive agents induce Nrf2-target genes and stimulate MAPK signaling, including ERKs, JNKs and p38 kinases. The use of kinase inhibitors and dominant-negative mutants suggest that ERK and JNK positively regulate Nrf2 activity. p38MAPK has been reported to both positive and negative regulation of Nrf2 [100] .
PI3K
Salinas and colleagues showed that PI3K affected Nrf2 indirectly by nerve growth factor induced activation of PI3K [101] . Not only that, Nrf2 was required for HO-1 induction. GSK-3 provides the link between activation of the PI3K−PKB/Akt pathway and stimulation of Nrf2-mediated gene induction [102] . They have shown that activation of PKB/Akt resulted in inhibitory phosphorylation of GSK-3, this also resulted in failure by GSK-3 to phosphorylate Nrf2. Dietary phytochemicals can activate the Nrf2-ARE pathway through PI3K/Akt-dependent phosphorylation of Nrf2.
AMPK
Under conditions of glucose deprivation and low energy availability, 5′ adenosine monophosphate-activated protein kinase (AMPK) is activated by its upstream kinases, liver kinase B-1 (LKB-1) and Akt [103] . AMPK is a serine/threonine-specific kinase that respons to alterations in levels of adenylate in the cell; a low-ATP/high-AMP ratio, such as that observed during fasting, activates AMPK [104] .
mTOR
Mechanistic target of rapamycin (mTOR) acts as a stress sensor. mTOR controls Nrf2 as it engages in signaling upstream of both KEAP1 and β-TrCP. The mTOR protein is a ubiquitously expressed serine--threonine protein kinase and a member of the PI3K-related kinase family which acts as a cellular energy sensor by integrating signals from hormones, energy levels, growth factors, and nutrients into the regulation of protein translation, autophagy, and lipid metabolism.
Nuclear receptor superfamily
Nuclear receptors which lack defined ligands are termed 'orphan' receptors. The Nrf2 signaling pathway can be regulated by nuclear receptors, which are highly-conserved, and selectively bind to small lipophilic/hydrophobic ligands that initiate the transactivation of specific cis-regulatory DNA sequences [105] . They bind with cofactors such as co-activators or co-repressors for the upregulation or downregulation of their downstream target genes.
The glucocorticoid receptor, activated by the steroid hormones regulate a number of genes through direct binding to glucocorticoidresponsive elements and play an important role in the regulation of immunity, intermediary metabolism, skeletal growth, cardiovascular function, reproduction, and cognition. Silencing mediator for retinoid or thyroid-hormone receptors (SMRT), a co-repressor of the steroid-GR complex, binds with the Neh4/5 domain of Nrf2 to mediate the repression of Nrf2-dependent gene expression [106] .
Retinoids affect via interaction with two distinct classes of nuclear receptors: retinoic acid receptors (RARs) and retinoid X receptors (RXRs). Receptor alpha (RA) possesses the anticancer activity [107] . Wang et al. have shown that in a stable ARE-luciferase reporter cell line known as AREc32, the induction of ARE-driven luciferase activity is inhibited by all-trans retinoic acid (ATRA) which reduces the luciferase activity of ARE genes such as aldo-ketoreductase family 1member C1 (AKR1C1) and AKR1C2 at both them RNA and protein levels. ATRA is an endogenous Nrf2 inhibitor [108] .
Other proteins
CR6-interacting factor 1 interacts with Nrf2 and promotes ubiquitinylation of Nrf2 by binding at both the C-and the N-terminal Neh3 and Neh2 domains of the transcription factor leading to its destruction. The protein apurinic/apyrimidinic endonuclease/redox factor-1 (APE1/REF-1) negatively regulates Nrf2 which in turn reduces the expression of selected target genes HO-1, Glutamate cysteine ligase catalytic subunit (GCLC), and Glutamate cysteine ligase modifier subunit (GCLM) in pancreatic cancer cell lines without causing the generation of ROS [109] . During hypoxia, Nrf2 levels are suppressed and seven in absentia homolog 2 (SIAH2) levels increase. SIAH2 suppresses Nrf2 through a KEAP1-independent manner. The SUMOylated Nrf2 gets ubiquitinated by RING finger protein 4 (RNF4) in the nucleus, leading to degradation of the transcription factor [110] .
Non-canonical pathways
Under certain conditions, the non-canonical regulation of Nrf2 may act independent of the canonical KEAP1 pathway, playing a vital role in pathogenesis of diseases.
GSK-3
GSK3β mediated phosphorylation in the Neh6 domain of Nrf2 results in its recognition by the β-TrCP-S phase kinase association protein1 (Skp1)-cullin1 (Cul1) -RING-box protein 1 (Rbx1) E3ubiquitin ligase complex and its proteasomal degradation [111] . GSK-3 phosphorylates serine residues within the DSGIS motif [50, 112] . Epidermal growth factor, fibroblast growth factor, insulin, insulin-like growth factor, keratinocyte growth factor, nerve growth factor and plateletderived growth factor causes inhibition of GSK-3α and GSK-3β by phosphorylation of their Ser21 and Ser9 residues, which in turn upregulate Nrf2. GSK-3 suppression is responsible for an increase in the nuclear localization of Nrf2 and the levels of its target enzyme glutathione S-transferase, which in turn decreased oxidative stress.
Within the Neh6 domain of Nrf2, the β-TrCP substrate recognition motif, DSGϕXS, were identified (ϕ represents a hydrophobic residue, and X is any amino acid). β-TrCP is an F-box-containing protein, which binds to the Skp, Cullin, F-box containing complex (SCF) E3 ubiquitin ligase complex (SCFβ-TrCP) and an F-box substrate receptor protein [113] .
Hrd1
HmgCoA reductase degradation1 (Hrd1) is an E3 ubiquitin ligase, a novel E3 ubiquitin ligase which mediates Nrf2 degradation. The most recently described ubiquitin-dependent system involved in Nrf2 degradation is the E3 ubiquitin ligase synoviolin, which resides in the endoplasmic reticulum [114] .
Multiple (E/S)TGE-containing proteins
These proteins have been identified to disrupt the Nrf2-KEAP1 interaction through competing with Nrf2 for KEAP1 binding and stabilize Nrf2 [79] .
Mode of action
Chromatin immunoprecipitation followed by NGS (ChIP-Seq) revealed a set of Nrf2 target genes. The recognition sequence of CNCsMAF heterodimers is called as Maf recognition element (MARE; TGCTGA G/C TCA GCA). sMAF heterodimers prefer to bind to an MARE-related sequence (CNC-sMAF binding element; GCTGA G/C TCA C/T) [115, 116] . The binding sequence containing a cis-regulatory element is called an ARE or electrophile responsive element (EpRE)(GCnnnG/C TCA). Genome wide collection of the cis-regulatory elements bound by Nrf2 is designated as the "Nrf2 cistrome". The core ARE sequence has been described as 5′-A/GTGAC/GNNNGCA/G-3′, where "N" signifies apparently redundant residues [117] . After being relieved from the tight regulation of KEAP1, Nrf2 upregulates certain genes and performs a critical role in maintaining human health (Fig. 3) .
Nrf2 function
Nrf2 plays potential roles in normal physiological as well as diseased conditions (fig 4) . It rescues cells from any kind of environmental and oxidative stress during normal physiological conditions as well as in several pathophysiological conditions. Not only that, it plays contradictory roles during cancer.
Role in normal physiological state
Nrf2 plays vital roles in normal physiological conditions and maintains homeostasis. It controls redox balance, metabolism, cell proliferation and protein folding. Imbalance of Nrf2 activity may hamper these phenomena.
Redox balance
It is known to be the master regulator of redox homeostasis. It can promote the expression of genes including superoxide dismutases (SODs), glutathione peroxidase (GPx), NQO1, HO-1, Gclc, Gclm, Prdx1 (also called MSP23), Slc7a11, Txn1, Txnrd1 and many other enzymes that are involved in glutathione production [118] . In addition, it also helps to decrease ROS by repressing the production of certain NOX enzymes in cell specific fashion [119] .
Metabolism
Though Nrf2 is specially noted for its antioxidant related activity, its role in metabolic reprogramming is recently coming in light. It redirects glucose and glutamine metabolism and leads to increased production of ribose-5-phosphate and NADpH through anabolic pathways. Studies also revealed that it targets and activates metabolic genes like glucose-6-phosphate dehydrogenase (G6PD), phosphogluconate dehydrogenase (PGD), transketolase (TKT), transaldolase 1 (TALDO1), and malic enzyme 1 (ME-1) by binding their AREs. It has its role in efficiently synthesizing purine, nucleotides from glucose, in expression of phosphoribosyl pyrophosphate amidotransferase as well as the mitochondrial methylene tetrahydrofolate dehydrogenase 2. This upregulation drives in cell proliferation and thus tumor growth [120] . It also upregulates fatty acid oxidation and down regulates fatty acid synthesis [121] . Study reveals that the upregulation of Nrf2 decrease the expression of transcription factor PPARα which is responsible for controlling the expression of genes involved in lipid transport, β-oxidation of fatty acids, ketogenesis, lipogenesis, lipid mobilization and cholesterol metabolism and helps in adaptation in long-term fasting condition.
Activation of Nrf2 triggers the availability of substrates for respiration, increases mitochondrial membrane potential and enhances ATP production. Its deficiency may be detrimental in the case of neurons for the decrease in ATP caused by dysfunction of oxidative phosphorylation and reduced glycolysis. It also helps in mitochondrial activation of long chain and short chain fatty acids [122] .
Inflammation and xenobiotics metabolism
Nrf2 exerts its effect in reduction of inflammation as well as oxidative stress. It may be due to the fact that it positively regulates PPARγ which has a strong inflammatory effect [121] . The diminished expression of antioxidant genes and higher production of interleukin (IL)-4 and IL-13 can be another cause. Additionally, there is a strong connection between Nrf2, NF-kB and inflammation. Study shows that Nrf2 may block lipopolysaccharide (LPS)-induced ROS generation of tumor necrosis factor alpha (TNF-α), IL-6 and chemokines (Mip2 and Mcp-1) and thus reducing inflammation.
Nrf2 is the controller of many phase II metabolizing enzymes of xenobiotics such as the GST family, the sulfotransferase 3A family, and the UDP-glucuronosyltransferase (UGT) family which often converts xenobiotics into more water-soluble and fewer toxic metabolites by reactions like glucuronidation, glutathione conjugation and sulfation. So, the absence of it increases the sensitivity of stressors including hyperoxia, acetaminophen, benzo[a]pyrene, etc. and DNA-damaging agents.
Cell proliferation and differentiation
Nrf2 affects cell proliferation and differentiation in various ways. Evidence show that during certain cell differentiation and proliferation, it is specifically down-regulated as ROS based signaling pathways play an important role there. Forced over expression of it in young neurons impair dendritic outgrowth and their development due to antagonism of JNK and Wnt pathways [123] . Its activation also inhibits differentiation of two major players involved in bone homeostasis, osteoclasts and osteoblasts by reducing the intracellular ROS and by suppressing the transcriptional activity of Runt-related transcription factor 2 (RUNX2) [124] . It regulates two genes, CCAAT/enhancer-binding protein β (CEBPβ) and peroxisome proliferator-activated receptor g (PPARγ) and its defect suppress adipogenesis in vitro [71] . Nrf2-null male mice exhibit decreased fertility due to accumulating ROS mediated damage to germ cells with increasing age concluding that its activity is closely related with spermatogenesis [125] . Its deficiency attenuates the reconstitution capacity of hematopoietic stem cells (HSCs) after the transplantation, indicating that it is required for the HSC maintenance. Moreover, liver regeneration is compromised in absence of Nrf2 as a result of blunted Notch 1 signaling caused by reduced expression of Notch1, p21, Hes1, Homocysteine-responsive endoplasmic reticulum-resident 1 (Herp1) and NOTCH-regulated ankyrin repeat protein (Nrarp) [126] .
Role in protein folding
Evidence suggest that it have a potential role in folding proteins appropriately in their tertiary and quaternary structures thus reducing ER stress and unfolded protein response (UPR). So, it can be concluded that in Nrf2-null mice, the amount of Chop and X-box binding protein 1 (Xbp1) and the phosphorylation of Eukaryotic Initiation Factor 2α (eIF2α) are increased [126, 127] . The lower expression of Slc7a11 in Nrf2 null mice ultimately decreases the intracellular level of cysteine which is important for proper protein folding, thus leading to elevated ER stress [128] . Additionally, it plays a vital role in the availability of reduced glutathione (GSH) or in the proper reduction of oxidized glutathione (GSSH) which in turn helps in correct folding of membrane and secretary proteins [129] .
Role in various pathophysiological conditions
Nrf2 reduces the drug-induced toxicity in different organs like brain, lung, skin, liver, gastrointestinal tract, kidney, etc. and also ameliorates several diseases [130] [131] [132] .
The absence of Nrf2 in mice causes the neurological deficit and neuronal apoptosis which leads to traumatic brain injury, motor dysfunction, neuronal death and spinal cord injury [133, 134] . Intraperitoneal injection of sulforaphane protects from neuronal cell damage [135] . Nrf2 activity decreases in the lungs of patients suffering Fig. 3 . Activation and mechanism of action of Nrf2. During normal condition, Nrf2 is sequestered in the cytoplasm by KEAP1. Any kind of stress leads to degradation of KEAP1 and Nrf2 mediated transcriptional upregulation.
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Toxicology Reports 4 (2017) [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] from COPD and emphysema. Nrf2−/− mice are more susceptible to cigarette smoke-induced emphysema [60] . Nrf2 is activated in the mouse liver after administration of non-toxic and toxic doses of hepatotoxin, acetaminophen [136] . It plays a role as a protective against ultraviolet A (UVA), and ultraviolet B (UVB)-induced inflammation and damage in the skin and represents itself as a promising therapeutic target for such disorders [137, 138] . Nrf2 rescues from diabetes induced nephropathy [139] , retinopathy [140] , and cardiomyopathy [141] . ROS plays both positive and negative roles in insulin signaling. Nrf2 has been documented to improve glucose homeostasis [118] . Improvement in glucose disposal occurs due to increased expression of fibroblast growth factor 21, which is repressed by Nrf2 [142] . Nrf2 appears to play an important role in the regulation of lipogenesis [143] .
Role in cancer
Nrf2 plays not only crucial role in cancer chemoprevention and tumor suppression in normal cells but also is responsible in tumorigenesis and tumor protection. These two paradoxical roles have been concluded as the 'dual role of Nrf2' (Fig. 5) .
Role of Nrf2 in chemoprevention
Nrf2 and HO-1 are upregulated in different types of tumors and correlate with tumor progression, aggressiveness and resistance to therapy. Hu et al. have identified that the mutations were in the purine bases of Nrf2. A point-mutation of glycine to cysteine was identified in the Kelch/DGR domain of KEAP1 which leads to a conformational change that reduces its affinity for Nrf2, resulting in activation of Nrf2 in cancer cells. Upregulation of Nrf2 is also related to angiogenesis which is promoted by hypoxia inducible factor-1(HIF-1α). Under hypoxic conditions, indeed, the O 2 -dependent regulator, prolyl-hydrolase domain (pH D), is catalytically inactive and increases the stability of a transcription factor, HIF-1α.
Suzuki et al. reported that single-nucleotide polymorphisms (SNP) in the human Nrf2 upstream promoter region (rs6721961) of minor A/ A homozygotes affects the reduction of Nrf2 gene expression in lung cancer resulting in increased risk of lung cancer even in non-smokers [60] . SNP-homozygous (c.-617A/A) alleles in the Nrf2 gene are associated with lung adenocarcinoma [144] . Nrf2-null mice show elevated DNA adduct formation in lung tumors.
Overexpression of Nrf2 positively regulates the NQO1 gene in human hepatoblastoma. In Nrf2-deficient mice, burden of gastric neoplasia is increased after treatment with a carcinogen, such as benzo [a] pyrene, than wild type mice. In addition, Nrf2-knockout mice have lower hepatic and gastric activity of GST and NQO1 than wild-type.
Constitutive activation of Nrf2 increases the sensitivity to chemotherapeutic drugs and radiation. Nrf2 mutated esophageal squamous cancer possesses malignant potential and resistance to chemo/radiotherapy [145] . Via rapamycin pathway, mutant Nrf2 induces proliferation, anchorage-independent growth and tumorigenicity in epithelial cells [146] .
N-nitrosobutyl (4-hydroxybutyl)amine (BBN)-induced urinary bladder carcinoma and 7,12-dimethylbenz(a)anthracene-induced skin tumorigenesis are significantly higher in Nrf2 knockout than in wildtype.
Role of Nrf2 in oncogenesis
Elevated Nrf2 levels have been detected in various cancer tissues, including lung [147, 148] , pancreas [52] and endometrium [149] . Missence mutations in KEAP1 suppress the DC domain of KEAP1 to bind Nrf2, and as a result, Nrf2 is constitutively stabilized under these conditions leading to cancer. Somatic KEAP1 gene mutations, insertions and deletions have been identified in the tumor tissue of lung [150] , breast [151, 152] , gallbladder [153] , liver [153] , ovarian [154] , endometrial [155] , papillary [156] , head and neck, airway as well as skin cancer [157] . Disruption of Nrf2 signaling affects the cell cycle progression and proliferation of cancer cell lines in vitro [158, 159] . Nrf2 silencing in cancer cells causes attenuation of cell migration and tumor metastasis. Oncogenes K-Ras, B-Raf and Myc can stimulate Nrf2 transcription and activation in mouse fibroblasts leading to an overall reduction in the cellular burden of ROS [52] . The mechanism of Nrf2 activation is manifested in some hereditary cancer syndromes like hereditary leiomyomatosis and renal cell cancer (HLRCC) as well as hereditary tyrosinemia type 1 (HT1) [160] . These disorders are the results of inactivation of genes encoding metabolic enzymes, fumarate hydratase (FH) in HLRCC and fumaryl acetoacetate hydrolase (FAH) in HT1. They can modify key cysteine residues on KEAP1 which results in Nrf2 activation. The Cancer Genome Atlas has made a better understanding of several types of cancer and the regulation of Nrf-2 in its pathogenesis [161] .
Lung carcinoma.
The genomic and epigenomic analysis in lung squamous cell carcinomas has shown altered genes in KEAP1-NRF2 signaling pathway [67] . Mutually exclusive gain-of-function mutations and amplifications in NFE2L2 gene, as well as loss-of-function mutations in KEAP1 and CUL3, are mainly involved [162] . Lung adenocarcinoma (LUAD) leads to cancer-related deaths worldwide in never smokers, particularly women due to smoking. mRNA, miRNA and DNA profiling [67] indicated a high number of cytosine to adenine (C > A) nucleotide transversions in Keap1 [163] . Fig. 4 . Functions of Nrf2. Nrf2 maintains homeostasis in the body. It plays a beneficial role in several diseased conditions, but during cancer, it plays a detrimental role in promoting cancer progression.
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Hepatocellular carcinoma (HCC)
. HCC, the third most frequent cause of cancer-related deaths worldwide is strongly associated with hepatitis B virus infection and chronic inflammation in the liver and environmental exposure to toxicants such as alcohol [164] . In this case, genomic alterations were predominantly present in KEAP1. Liver cancer cell lines having the KEAP1 mutation and NRF2 overexpression were more sensitive to HSP90 inhibitor 17-Nallylamino-17-demethoxygeldanamycin (17-AAG), which is converted to its active form by an NRF2 target gene NAD(P)H quinone oxidoreductase-1 (NQO1) [165] .
Renal and urinary bladder carcinoma.
In urothelial bladder carcinoma there is mutations in thioredoxin interacting protein (TXNIP) gene mutually exclusive with NFE2L2 mutations which suggest a possible link with NRF2 and thioredoxin signaling [166] via gene amplification it has been shown that elevated p62 contribute to renal carcinogenesis via activation of NRF2 [167] in renal cell carcinoma. NRF2 activation is also characteristic of hereditary form of papillary renal cell carcinoma (PRCC), where fumarate is accumulated intracellularly and causes succinylation of KEAP1, leading to NRF2 activation [168, 169] .
Role of Nrf2 in resistance to chemotherapy
Nrf2 is responsible for regulation of expression of efflux transporters especially from ATP-binding cassette (ABC) family which pumps out xenobiotics from the cell against a concentration gradient. Nrf2 binds to the ARE-like sequences in the promoters of multidrug resistance-associated proteins (MRP) genes like Mrp1, Mrp2, Mrp3, Mrp4, and Abcg2 and enhances their expressions, thus confers chemo resistance in cells. Nrf2 activation confers a growth advantage in cancer cells. Cancer cells show Warburg effect in which ATP generates through glycolysis providing a variety of glycolytic intermediates needed to synthesize nucleosides and amino acids that in turn leads to cell proliferation and division. Nrf2 plays key role in the development of drug resistance in patients undergoing chemotherapy. The activity of Nrf2 in cancer cells decreases their sensitivity to the common chemotherapeutic agents like doxorubicin, carboplatin, cisplatin, etc [159] . RNAi-mediated inhibition of Nrf2 signaling has been documented to reverse drug resistance [159] . Repression of Nrf2 promotes the cytotoxic effects of g-irradiation towards lung and pancreatic cancer cell lines. In vitro studies have revealed that Nrf2 signaling activity is downregulated in the doxorubicin-sensitive human ovarian carcinoma cell line, A2780 [161] . An elevated level of Cul3 in drug-sensitive breast cancer tissue samples and cell lines leads to constitutive repression of Nrf2. Knockdown of Cul3 upregulates expression of Nrf2 target genes [170] . A chemical compound K67 binds to the pocket of KEAP1 DC domain, which in turn disturbs the interaction between KEAP1 and p62 and maintains the interaction between KEAP1 and NRF2. Therefore, treatment with K67 enhances chemo-sensitivity.
Role of Nrf2 in immune system suppression
Nrf2 suppresses immune system against cancer by suppressing myeloid-derived suppressor cells (MDSC) which are a heterogeneous myeloid population containing macrophages, dendritic cells and neutrophils. ROS is an activator of immunosuppression by MDSC which promotes tumor development and metastasis by inhibiting innate and adaptive immunity [60] . As the proinflammatory cytokines play a critical role in sustaining the MDSC function, Nrf2 might suppress MDSC not only by ROS elimination but also by suppressing proinflammatory cytokines such as IL-6 and IL-1β.
Therapeutic role of Nrf2
Several natural products, small molecules, pharmacological compounds target Nrf2 signaling pathways, which may be used as therapeutic approaches against cancer and other diseased conditions.
Activation of Nrf2
Upregulation of Nrf2 activity is very useful in several pathophysiological conditions. Some herbal medicines [e.g., curcumin (turmeric), sulforaphane (broccoli), flavonoids like quercetin, fisetin, nordihydroguaiaretic acid (chapparal)] work via the alkylation/covalent modification mechanism [17, [171] [172] [173] [174] [175] [176] . There are multiple herbal supplements on the market based on curcumin (turmeric) in combination with other herbs such as protandim (Nrf2 activator), Nuley (Nrf2 optimizer), progressive nutracare (Nrf2 antiox), etc. Nrf2 activator, tecfidera (dimethylfumarate) is involved in the treatment of multiple sclerosis. Not only tecfidera but also bardoxolone is the most potent Nrf2 activator described to date, having a specific binding site in the KEAP1 IVR near Cys-298 and Cys-226 [177] . Upon hydrolysis monomethylfumarate (MMF) gives a natural metabolite -fumaric acid. It has a low alkylating potency and thus, low toxicity. It is used to treat chronic neurodegenerative disease such as PD. Antioxidant quercetin minimizes the cyto-lethal effect of UVA irradiated HaCaT cells. The Nrf2 activator, sulforaphane, protects against UVB-induced skin inflammation and sunburn in wild type, but not Nrf2−/− mice.
Several pharmacological products play a role as analogs of Nrf2. Combined treatment with 5-aza-29-deoxycytidine (a DNMT inhibitor) and trichostatin A (a histone deacetylase inhibitor) restores Nrf2 
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Toxicology Reports 4 (2017) [306] [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] expression in TRAMP-C1 cells [178] . Nrf2-encoding lentivirus is effective in Alzheimer's disease treatment [179] . CDDO represent a promising strategy for protection against Huntington's disease and amyotrophiclateral sclerosis [180] . Pre-treatment of pharmacological activators of Nrf2 has been shown to be protective in animal models of numerous neurological conditions, such as Huntington's disease, amyotrophic lateral sclerosis, PD, AD, and cerebral ischemia. Exposure of mice to 2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide (CDDOIm)reduces acetaminophen induced liver injury and concanavalin A induces T-cell-mediated acute inflammatory liver injury [181] . CDDOIm pretreatment is beneficial against COPD, and it also enhances Nrf2-regulated cytoprotective responses in the kidney and protects against cisplatin toxicity [182] .
Inhibition of Nrf2
Nrf2 downregulation is a potential therapeutic approach in cancer remedy. Inhibition of Nrf2 via RNAi knockdown can resensitize some cancer cells to anti-cancer agents [183] . Vitamins downregulate Nrf2 translocation into the nucleus leading to cancer cells death in leukemia [184] . Cryptotanshinone suppresses cell proliferation and increases apoptosis of cancer cells in acute lymphoblastic leukemia [185] , human breast cancer [186] and colorectal cancer [187] . Some flavonoids like luteolin, apigenin, chrysin and 4-Methoxychalcone inhibit Nrf2 activity by promoting Nrf2 mRNA and protein degradation and sensitize cancer cells towards chemotherapeutic drugs [188] [189] [190] . Epigalocatechin3-gallate exerts an anticancer effect by downregulating Nrf2 -HO-1 axis [191] .
The role of Nrf2 in cancer is very complex. Several studies have shown that Nrf2 plays an important role in preventing carcinogen-induced tumors. Numerous studies have shown that Nrf2 null mice are more susceptible to carcinogen-induced tumors than wild type. Satoh and co-workers found that Nrf2 does not promote initiation but enhances progression [192] . In HLRCC, Nrf2 activation is necessary to provide protection against intracellular fumarate accumulation [160] . Loss of either FH or FAH results in the intracellular accumulation of fumarate in the case of FH and fumarylacetoacetate in the case of FAH. Smoking associated lung cancer tends to have elevated expression of the Nrf2 target gene, aldose ketose reductase family 1 member B10 (AKR1B10) [3] .
The chemopreventive effects of sulforaphane against the skin tumorigenesis and oltipraz against urinary bladder carcinogenesis are mediated through Nrf2 [193, 194] . The constitutive activation of Nrf2 in dermal fibroblasts derived from newborn KEAP1−/− mice causes huge decrease in the number of UVA irradiated apoptotic cells [138] . Exposure to the carcinogens 7,12-dimethylbenz(a)anthracene and 12-O-teradecanoylphorbol-13-acetate leads to a greater number of skin tumors [195] . Application of Nrf2 inducer, sulforaphane before carcinogen exposure provides protection against tumor development, in a Nrf2-dependent manner [196] .
Concluding remarks
In this review, we have discussed both the beneficial and detrimental roles of Nrf2. In normal physiological condition, Nrf2 acts as a scavenger from stress and damage. But, this property of Nrf2 becomes destructive for cancer affected patients. Like any other normal cells, cancer cells also undergo apoptosis if intracellular ROS gets increased. Cancer cells harness the ability of Nrf2 to survive under stress conditions. Thus cancer cell undergoes proliferation easily by decreasing any kind of toxicity inside them. Mutational patterns of KEAP1 and Nrf2 are analogous to those of tumor suppressors and oncogenes. These represent new classes of genes which play important roles in carcinogenesis. There is a possibility to manage and treat these tumors with therapeutics. Several regulations are there to finely modulate Nrf2 activity. These modulations might be helpful for designing chemotherapeutic drugs in future.
